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Abstract The performance of a fuzzy controller to stabilize the operation of a flotation column is evaluated. Three
key process variables are controlled by manipulation of the flow rates of the three main flow streams. The
controller, which is based on a fuzzy logic inference system of Mamdani type with heuristically developed rules,
works in real time and has the possibility of load rejection control as well as servo control of two controlled

variables.

Key-Words Flotation Column, Fuzzy Control, Mamdani Rules, Heuristic Knowledge, Real Time, Hybrid
Controller IMACS/IEEE CSCC'99 Proceedings, Pages:6751-6756

1 Introduction formation of a swarm of air bubbles. Particles

The column flotation process separates very fine solid®r€viously made hydrophobic adhere, after collision,
particles based on physical and chemical properties dP the air bubbles which move upwards to the top of
their surfaces. It is a continuous solid-solid separatiorih® column where they are recovered as the column
process widely used in the concentration of low gradeVverflow or floated product. Hydrophilic particles
and finely disseminated ores, as well as, in recyclingette in the pulp which moves downwards to the
and solvent extraction. ottom leaving the column as the underflow .

Flotation columns are long vertical vessels that are ~ During normal operation two distinct zones are
continuously fed with a pulp, 15 to 40% solids by formed inside the column: collection zone where the

weight, of fine (100 to 1m) solid particles to be hydrophobic particles are collected by the air bubbles
separated (figure 1). The pulp is previously @nd the froth zone constituted mainly by air (60-90%)

conditioned with the controlled addition of small @nd the collected particles [1]. _
quantities of specific chemical reagents to promote A distintive feature of flotation column operation

the selective formation of aggregates between solidS the addition of fresh washing water through the top
particles of a given composition and air bubbles. of the column to clean the froth zone by drainage of the

Wash Watr hydrophilic particles entrained in the air bubbles-
l hydrophobic particles aggregates.

The automatic control of the main process
Froth variables is mandatory to stable operation of the
- \_y flotation column. The ultimate goal of the column
- ovrtow 1 flotation process control is to achieve the economic
optimum combination of the desired mineral grade
Coflection (purity) and recovery in the final product from a feed

of varying composition.

Experience has shown that 3 process variables:
collection zone height, air holdup (volumetric
percentage of air) in the collection zone and bias water
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ndertiow flow rate (net flow of washing water passing through
_ o _ the froth zone), are key parameters to the metallurgical
Fig. 1- Schematic diagram of column flotation.  column performance. However, these cannot be

Air is continuously injected to the pulp through a directly manipulated. Instead, washing water, air and

manipulated.



The development of column flotation process operating conditions are considered to be abnormal and
controllers based on mathematical dynamic models is fuzizy modewhen the control is achieved by fuzzy
not yet possible due to the poor understanding of the inference [3].

process internal mechanisms, on the one hand, and to The conditions are consideratriorral
the time-varying non linear behaviour, on the other  when the collection zone height is too low or too high,
hand. i.e., when H is some centimeters above or bellow the

However, this process is controlled by skilled  peint. In this case it is desirable to drive H as fast as
operators that, taking into account the measurements of possible to the neighborhood of its set-point. When an
some variables, are able to manipulate a few operating abnormal situation is detected, both underflow and
variables in order to guarantee the stable operation of washing water flowrates are manipulated under severe

the flotation column. conditions.
Fuzzy logic inference systems can be a solution to Otherwise, the control is made under fuzzy mode,
develop controllers of complex hard-to-model i.e., the manipulated variables are calculated by fuzzy

processes, whose behaviour can, nevertheless, be inference. The controller, that works in real time, is a
described by linguistic rules (for example, from fuzzy logic inference system of Mamdani type with
operators experience) [2]. essentially heuristic-based rules.

This paper describes briefly a fuzzy controller that In a previous study [4] the experimental tuning of
aims the stable operation of a flotation column and the controller was performed. It has been shown how
presents the evaluation of its performance, in load hard and time-consuming is the task of tuning a
rejection control and servo control, under different control system with so many interdependent
operational conditions. parameters. Small variations of one parameter entails

the need of changing other parameters and subsequent
experimental evaluation.

2 Pilot Flotation Column Description. Another important conclusion of that study was

Controlled and Manipulated Variables that the controlled system performance using a simple

The pilot flotati | ic 2 tube | lic of 80 rule base with 11 rules was comparable to those
he priot fotation column IS a W€ In aCTyliC Of SUMM 4 0pieyed with the use of more complex rule bases. In
diameter by 3,2m height. The feed is introduced a

E‘act operators can drive the process based on only a
about 1/3 of column height from the top and air is,_." oF v p y

introduced some centimeters above the bottom end. few .Sl.lrr]gpk?urzuzlss'comro”er’ after tuning, has the
antrolled variables are the air h_oldup n thefollowing main characteristics (see, for example, [5]):

collection zoneg), collection zon e height (H) and - the controlled variables universes of discourse

bias water flow rate (Q ). These variables are NOL o functions of the respective set-points;

directly measurable. However, they can be estimated or ~ _ the membership functions are, sinusoidal

inferred from other measured variablesand H are

lculated f s of tw mathematical functions, with numerical parameters
calculated from measureéments of two pressure S‘en"f‘ofﬁeuristicalIy determined and experimentally tuned;
mounted on the column wall. The value of Q

approximated by the difference between underflow and11 I’L-Jltehf (#J;%lzafﬁ was heuristically developed. It has

feed flow rates (corrected for H variation).
Manipulated variables are air (Q ), wash water
(Qw) and underflow (Q ) flow rates. All the flow rates
(including feed flow rate) are measured with different
flowmeter types and their control is achieved by direct

manipulation of variable speed pumps and control . . .
valves, using local PID controllers. 4 Experimental Design and Evaluation

The work presented here considers only the twdPue to the inexistence of mathematical dynamic

phase system, an air and water mixture. A constaninodels that can be used in simulation, an extensive
frother concentration of 10ppm was used for froth€Xperimental study was undertaken to evaluate the
stabilization. performance of the controlled system (see table 2).

- it has a max-prod inference motor;
- defuzzification is made by the center of gravity
method.

3 Fuzzy Controller
The fuzzy controller is &ybrid controller working in
an emergence modéclassical inference) when the

Table 1- Rule base used by the fuzzy controller



If H low then Q low; Initial Conditions of _
If H mediumand Q low then Q high; Test | Controlled Variables and Q. |  Disturbed
If H mediumand @ mediumthen Q medium Hem) | 0, () | 0. () Variables
If H mediumand Q high then Q low; = =
If H high then Q, high; 1 25 10 100 H"
If H low then Q, high; 2 25 10 100 Q>
If H mediumthen Q, medium 3 25 10 100 Q
If H highthen Q, low;
4 15 10 100 Q
If e, low then Q high;
If e, mediumthen Q medium > 35 10 100 Q
If &, highthen Q low; 6 35 10 100 Q>
7 15 10 100 Q>
Experimental degin included 9 tests. In each test, || 8 25 10 80 HP
after achievig stead state peration, one variable was 9 o5 7 100 "
disturbed accordiop with the scheme illustrated in

Figure 2. The followig disturbances wergenerated: .
- load disturbance, ie. disturbance of an_The evaluation of the controllegstemperformance

independent variable that is not mpulated ly the IS a _conpromise between t_hepeed of reponse,
fuzz controller. Feed flowrate ﬂ(LQ) WZS the stability and accurac Dependirg on the weght that

independent variable chosen (tests 3, 4 and 5), can begiven to each one of these criteria, a different

- controlled variables seiint disturbance (servo controller can b_e obtained. _Threperformance_
control). Ony the sepoints of H (H") and @ (&) parameters or indices were considered for evaluation:

were modified. Modification of the air holdsetpoint - settlirg time, defined as the time, after the

was not considered because the servo control of thigisturbance, the controlled variable takes to reach a
variable is not achievableylmanjpulation of one or new steay state value. Thiparameter is a measure of

more of the mapulated variables, unless a the geed of reponse. In each test, four pteharges

modification of the frother concentration is made. DueV°'® pgrformed, therefore, fou.r setijrtimes were
to the lomgy time deld of the air holdp regonse to the determined and an arithmetic awgga ST, was
charges of frother concentration, that was notcalculated. . -

considered. The frother concentration wasptke - steagf state error is the avgiadewviation of the

constant and the control gfintends ony the réection controlled variable from its s@bint. In each test, five
of load disturbances or others variable gefnt stead state errors were determined and an arithmetic

L avera@e, SSE, was copuited.
modifications. _standard deviatior, defined as follows
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o where e(t) is the deviation of the variable from its set-
1w point and N is the number of sampling intervals during
the test. This parameter can be viewed as a measure of
o m w0 ew w0 wmw  mo  wo 0 the stability.

Fig. 2- Sequence of disturbances generated during.test

5 Results
Table 3 shows the maximum values of the performance

Table 2- Experimental degin parameters ST, SSE and calculated for the tests



performed. flotation column working with a mixture of water and
air. The fuzy controller ispart of a gstem that works
in real time. The stud undertaken showed the
Table 3- Maximum values of performance parametersadejuate performance in load jection and servo
control of Collection Zone Hght (H) and Bias Water

SSE ST (s) Flowrate (Q ) and it revealed also that fyZmgic-
o . .
Vsl based controller can be a solution for automatic control
Disturbed || H | Q [H [Q | H Q of column flotation.
(cm) | (I’h) (cm) | (I/n) One mgor advantge found in the devepment
and aplication of fuzz control is easj
Qe 09 | 05| - 3 14 3.9 understandableytprocess egineers.
HSP 0.4 1.0 52 _ 23 7.6 Controller tuni@ was the main dlfflCUit
encountered due to the mplé parameters involved
Qg™" 1.1 ] 09| -] 14 14| 2.6 becomim a time-consumigtrial and error method.

The work wasgerformed with a twghase mixture

(air and water). More difficulties are ected in the
5.1 Load Disturbance application to the threghase gstem (water, air and
The regonses of H and Q to Q disturbance, §o|id pfar_ticles). The need for an giative _controller
presented in ures 3 and 4, show that these two 'S a@nticpated as the means to peo with  feed
controlled variables are notgsificantly affected y ~ characteristics fluctuations.
the disturbance of the feed flow rate. The maximum
averge steay state errors obtained were 0.9cm for H
and 0.5/h for @ (both less than the estimation error ofXéferences _
these variables). The maximum standard deviations arg:lFinch, J.A. and G. S. Dolb Column Flotation

1.4cm for H and 3.9 I/h for Q . §lires 5 and 6 show FP€gamon Press, Oxford, 1990.
the manpulated variables rgsnses. [2]Zadeh, L., Outline of a New pproach to the
Analysis of Conplex Systems and Decision Processes,

IEEE Trans. Syst. Man Cybeywol SMC-3, 1973 pp.
28-44.
[3]Carvalho, M. T.,Aplicacdo do Controlo Fuzzy a
uma Coluna de Flutuacd®HD Thesis, IST, 1998.
[4]Carvalho, M. T., F. O. Durdo and P. Costa Branco,
uning of Fuzz Controllers: Case Stydn a Column
otation Pilot Plant. InFuzzy Logi¢(J. F. Baldwin),
John Wilgy & Sons, London, UK, ga 10, 1996,
pp.197-211.
[5]Lee, C. C., Fuzz Logic in Control §stems Fuzg
Logic Controller - Part | and IIEEE Transactions on
Systems, Man and Cybernetigsl. 20, N.2, 1990pp.
404-435.

5.2 Setpoint Disturbances

Figures 7 and 8 show nasnse of H and Q to #
disturbance. In all tesperformed the avege SSE was
lower than 0.4cm for H and 11/h for,Q . The awygra
ST was less than 52 seconds for H (much less than t
time constants involved). Tlewas less than 2.3cm in
the case of Hand 7.6 in the case gf Q .

Figures 9 and 10 show the pesises of the
manpulated variables in the same tests.

Figures 11 and 12 show somphical results of
regonse of Q and H to the disturbance gfQ . The
maximum averge SSE obtained was 0.91/h in the case
of Qz and 1.1cm in the case of H. The sattlime of
Qg was less than 14seconds. Thim the case of Q
was less than 2.6l/h and in the case of H less than
1.4cm.

Figures 13 and 14 show the mguiated variables
charges.

6 Conclusions
This paper describes the work done in the evaluation of
a fuzz controller develped for the stabilization of a
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